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An allothermal biomass gasification system using biomass micron fuel (BMF) as external heat source was 
developed. In this system, heat supplied to gasifier was generated from combustion of BMF. Biomass 
feedstock was gasified with steam and then tar in the produced gas was decomposed in a catalytic 
bed with Ni0/y-Al 2 0 3 catalyst. Finally the production gas was employed as a substitute for civil fuel 
gas. An overall energy analysis of the system was also investigated. The results showed that the lower 
heating value of the product gas reached more than 12 MJ/Nm 3 . The combusted BMF accounted for 
26.8% of the total energy input. Allothermal gasification based on the substituted BMF for conventional 
energy was an efficient and economical technology to obtain bioenergy. 

© 2011 Elsevier Ltd. All rights reserved. 


1. Introduction 

The bioenergy from biomass was recognized as a potential 
renewable energy provided for the shortage of the oil (Park et al„ 
2009). There was a growing trend towards the use of biomass, be¬ 
cause biomass as energy source showed some typical characteris¬ 
tics. Biomass was available in a wide range of resources such as 
waste streams, woody and grassy materials and energy crops. Also, 
it was climate neutral without producing net amount of C0 2 in the 
atmosphere (Van der Stelt et al., 2011). 

For biomass based systems, a key challenge was to develop effi¬ 
cient conversion technology which could compete with fossil fuels. 
Gasification was a clean and efficient conversion process that of¬ 
fered the possibility to convert biomass to a wide variety of appli¬ 
cations, such as heat, electricity, chemicals and transport fuels 
(Kirkels and Verbong, 2011 ). In gasification technology, the heat 
to sustain the endothermic reactions may come directly and 
indirectly. For the autothermal gasification, air was generally 
employed as the gasifying agent and the biomass was partially 
oxidized to provide the heat necessary to make the process self- 
sufficient. This air gasification yielded a fuel gas highly diluted by 
nitrogen. The lower heating value (LHV) of the gas was therefore 
typically below 6 MJ/Nm 3 (Zhou et al., 2009b). At present, the 
improved gasification system using the substituted oxygen or oxy¬ 
gen-steam agents, has been extensively investigated at laboratory 
scale (Lv et al„ 2007; Zhou et al., 2009a). The produced gas had a 
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high quality (10 MJ/Nm 3 ) and the dilution of nitrogen was avoided. 
But the high cost of pure oxygen made the implementation of this 
process uncertain at industrial scale (Campoy et al., 2009). Another 
feasible approach was allothermal gasification based on external 
heat. The gasification without the need of oxygen produced a gas 
with medium heating value. Most studies at laboratory or pilot 
scale used electric heater or fossil fuel to supply heat for the gasi¬ 
fication process (Moghtaderi, 2007; Wang et al., 2008; Umeki et al„ 
2010). However, this method supplied heat by consuming expen¬ 
sive nonrenewable energy, was neither practically nor economi¬ 
cally feasible for large-scale implementation. 

Biomass micron fuel (BMF) was a kind of powdery biomass fuel 
with particle size of less than 250 pm. It was produced by feedstock 
(energy crops, agricultural wastes, forestry residues, and so on) 
through an efficient crushing process. Luo et al. (2010) studied on 
the combustion of BMF in a cyclone furnace. Since the smaller the 
particle size, the greater the contact area of biomass and oxygen 
led to higher chemical reaction rates and more sufficient 
combustion. The results showed that the peak temperature of 
BMF combustion reached more than 1473 K. Thus, BMF would be 
a substituted fuel with low cost for applying in biomass gasification. 

In this study, a pilot-scale gasification system using BMF as 
external heating was developed. The design was based on two con¬ 
cepts: (1) producing medium heating value fuel gas with low cost, 
and (2) reducing the consumption of electric/fossil energy during 
the bioenergy conversion process. The operational performances 
of the gasification system were investigated. The aim was to 
provide useful parameters for industrial scale biomass gasification 
system. 
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2. Methods 

2A. Materials 

The BMF was from pine and the energy cost to produce 1 ton of 
BMF was 133.16 kW. The property of BMF was given in the litera¬ 
ture (Luo et al„ 2010). The selected gasification feedstock was 
straw from farm in Wuhan City, Hubei Province, China. The 
samples were dried under the sun for a period of 7 days to reduce 
the moisture content and then were shredded into particles 
of sizes of 3-5 mm. The energy cost of granulation was 
30.63 kW/ton. The thermogravimetric analysis for the feedstock 
at heating rate of 20 K/min is shown in Fig. 1. A small mass loss 
about 5% at the temperature lower than 500 K is attributed to 
vaporization of moisture, and the major mass loss step occurs be¬ 
tween 500 and 680 K. Meanwhile, the DTG curve presents one 
overlapping peak and a flat tailing section, with the maximum 
mass loss rate at 624 K. 

The proximate and ultimate analyses are shown in Table 1. 
Ultimate analysis of the sample was obtained with a CHNS ana¬ 
lyzer (Vario Micro cube, Elementar). Such analysis gave the weight 
percent of carbon, hydrogen, nitrogen, and sulfur in the sample 
simultaneously, and the weight percent of oxygen was determined 
by difference. The thermogravimetric analyzer (Diamond TG/DTA, 
Perkin-Elmer Instruments) was used to carry out the proximate 
analysis which was expressed in terms of moisture, volatile matter, 
fixed carbon and ash (Lua and Guo, 1998). 


2.2. Apparatus and procedures 


Table 1 

Ultimate analysis and proximate analysis of feedstock. 


Ultimate analysis (dry 


basis %) 


Proximate analysis (wt.%) 


LHV (MJ/kg) 
Moisture content 



tor, (3)-insulation materials, (4)-screw feeder, (5)-BMF feeder, (6)-cyclones, (7)- 
catalytic bed, (8)-dolomite, (9)-Ni0/y-Al 2 0 3 catalys, (10)-steam generator, (ll)-tar 
condenser, (12)-fuel gas holder. 


The pilot-scale gasification installation is illustrated in Fig. 2. It 
mainly consists of gasifier, combustor, screw feeder, steam gener¬ 
ator, catalytic bed, cyclone, tar condenser, gasholder. The gasifier is 
made of refractory steel without any lining and easy to be heated. 
It is a vertical cylindrical reactor (3.6 m of effective height, 0.2 m of 
inner diameter), fixed in the concentric combustor (3.6 m of height, 
0.5 m of inner diameter). The combustor is surrounded by 0.3 m of 
insulation materials in order to minimize heat loss. Feedstock is 
continuously fed into the gasifier by screw feeder. The gasifier is 
operated at atmospheric pressure. The heat supplied to the 
gasification is generated by BMF combustion with air in the com¬ 
bustor. Thermocouples are inserted in the upper, middle, bottom 
of the gasifier and combustor to measure the reaction temperature. 
Steam generated in the boiler is heated by the flue-gas exhausted 
from the combustor. And it is introduced from the bottom of the 



T/K 


Fig. 1 . TGA curves of feedstock sample. 


gasifier. The residue char from gasification is removed from the 
char outlet. And the product gas flow into cleaner, catalyst bed, 
condenser and gasholder. Four cyclones are used to decrease 
particulates content in the product gas. The particles with the size 
between 0.075 mm and 0.6 mm are separated and the separation 
capacity is 0.81 kg/h. A fixed catalytic bed (1.2 m of height, 0.6 m 
of inner diameter) by adding 80 kg of NiO catalyst is employed 
for tar elimination. The preparation method and properties of the 
NiO catalyst are described in literature (He et al., 2009a). Three 
condensers (0.8 m of height, 0.5 m of inner diameter) with the 
cooling system are used to collect the liquid product. Finally, the 
product gas is stored in a 500 m 3 of gasholder. 

At each run, the feeding rate of BMF was 20 kg/h. The air with 
different ER (0.8, 0.9,1.0,1.1 and 1.2) was flowed into the combus¬ 
tor for the combustion of the BMF. After 0.5 h, the measured peak 
temperature in combustor kept a stable state. Then, feedstock was 
continuously fed into the gasifier with a 60 kg/h of feeding rate. 
The S/B ratio represents the weight ratio of steam to biomass. 
The ratio was kept at 0.15 for each run. The fuel gas was sampled 
with a sampler for analysis. Each experiment was repeated 3 times 
and the average value was presented. The relative standard devia¬ 
tion was within 10%. 

The gaseous products of H 2 , N 2 , CO, C0 2 , CH 4 , C 2 H 2 , C 2 H 4 and 
C 2 H 6 were analyzed by GC 9800T with a thermal conductivity 
detector (TCD). The columns used were TDX-01 for the analysis 
of H 2 , N 2 , CO, CH 4 and 5A, porapak Q. for the analysis of C0 2 , 
C 2 H 2 , C 2 H 4 and C 2 H 6 . The temperatures of injector, oven and detec¬ 
tor were at 200, 85 and 90 °C, respectively. The carrier gas was 
argon in all analyses. 

2.3. Methods of data processing 

The heating value represented the mean heating value of the 
gas mixture, and the heating value was calculated from the 
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concentration of each individual gas and its corresponding heating 
value. The lower heating value (LHV) of fuel gas is defined as (Lv 
et al., 2004): 

LHV(kJ/Nm 3 ) = 4.2 x (30.0 x CO + 25.7 x H 2 + 85.4 x CH 4 

+151.3 xC„H m ) (1) 

where, CO, H 2 , CH 4 are the molar percentages of components of the 
product gas, and C n H m presents the sum of the molar percentages of 
C 2 H 2 , C 2 H 4 and C 2 H 6 . 

The carbon conversion efficiency is calculated by: 

X c (%) = [12V(CO%+C0 2 %+CH 4 % + 2 x C 2 %)/22.4 x C%] x 100% 

(2) 

where, Y is the product gas yield (Nm 3 /kg), C% is the mass percent¬ 
age of carbon in ultimate analysis of the sample, and CO, C0 2 , CH 4 
and C 2 (C 2 H 2 , C 2 H 4 and C 2 H 6 ) are the molar percentages of compo¬ 
nents of the product gas. 

3. Results and discussion 

3.1. Temperature profiles 

In the allothermal gasification system, gasifier temperature was 
depended on the combustion temperature of BMF in the combus¬ 
tor. Equivalence ratio (ER) was considered as a key factor to control 
the combustion of BMF. The effect of ER on the temperature levels 
in the combustor and gasifier were investigated. Temperature pro¬ 
files along the reactor height in combustor and gasifier correspond 
to the steady state of the process were presented in Fig. 3. The tem¬ 
peratures measured at different points were very sensitive to ER. 
Therefore, it was feasible to obtain the desired gasifier temperature 
by varying ER. Under the experimental conditions, the highest 
temperature was found in the bottom combustor. A gradual de¬ 
crease in temperature with reactor height was observed due to 
the heat loss across the wall. Considering the heat resistance and 
lifetime of the reactor material, the peak temperature in combustor 
was just controlled below 1400 K. 

With the increasing ER, the gasifier temperature sharply 
increased. When ER was above 1.1, the gasifier temperatures at 
bottom, middle and upper reached 1216,1125 and 1012 K, respec¬ 
tively. The values would meet the temperature requirement of 
steam gasification reaction. The peak gasifier temperature was 
comparable with the value of air-steam biomass gasification in a 
bubbling fluidized bed (Campoy et al., 2009). Flowever, the 



ER 




temperature distribution was homogeneous compared to the con¬ 
ventional updraft gasifier (Wang et al., 2008) and fluidized bed 
(Campoy et al., 2009). 


3.2. Property of fuel gas 

In general, steam gasification reactions include two steps. The 
first step is a thermochemical decomposition of biomass with pro¬ 
duction of tar, char and volatiles. The second step includes reac¬ 
tions of CO, C0 2 , H 2 and FI 2 0 with the hydrocarbon gases and 
carbon. The steam gasification mechanism might be described by 
the following reactions as follows (He et al., 2009b): 

Boudouard reaction: C + C0 2 -*■ 2CO (3) 

Water gas reaction: C + H 2 0 -> CO + H 2 (4) 

Water gas shift reaction : CO + H 2 0 —> C0 2 + H 2 (5) 

Steam reforming methane reaction : CH 4 + H 2 0 -> CO + 3H 2 (6) 
Secondary cracking tar reactions: Tar + niH 2 0 —> n 2 C0 2 + n 3 H 2 

( 7 ) 

Properties of fuel gas produced from steam gasification at dif¬ 
ferent average gasifier temperatures were presented in Table 2. 
There was a significant increase in gas yield from 0.56 Nm 3 /kg to 
0.80 Nm 3 /kg with the increasing temperature from 987 to 
1136 K. It was mainly attributed to the more favorable thermal 
cracking and steam reforming reactions at higher temperatures. 
Also, the reactor temperature had a remarkable influence on the 
gas composition. Since the reaction (Eq. (3)) of char with C0 2 and 
the water gas reaction (Eq. (4)) were endothermic, higher temper¬ 
ature significantly resulted in the higher concentrations of CO and 
H 2 . A decrease in C0 2 was detected with the increasing reactor 
temperature, which indicated that water gas shift reaction (5) 
had less importance, whereas water gas reaction (4) and boudou¬ 
ard reaction (3) had significant influence on gas composition. The 
concentration of CH 4 gradually decreased with the increasing reac¬ 
tor temperature. It indicated that high temperature was favorable 
for steam reforming methane reaction (6). Meanwhile, the C 2 H 2 , 
C 2 H 4 and C 2 H 6 contents were relatively low, and slightly decreased. 

The LHV of the produced gas was about 15 MJ/Nm 3 , much higher 
than the data reported on biomass gasification in a fluidized bed. 
Zhou et al. (2009b) reported that rice husk gasification gas in a clap¬ 
board-type internal circulating fluidized bed had a maximum heat¬ 
ing value of 5 MJ/Nm 3 and sawdust gasification gas was less than 
6.5 MJ/Nm 3 . Lv et al. (2007) investigated biomass gasification using 
oxygen/steam as the gasifying agent in a downdraft gasifier. How- 


Table 2 

Property of fuel gas at different ave 


Average gasifier temperature 1 (K) 

987 

1061 

1136 

Gas yield (Nm 3 /kg) 

0.56 

0.71 

0.80 

Tar yield (g/Nm 3 ) 

367.2 

158.9 

77.2 

Char yield (kg/kg) 

0.26 

0.19 

0.18 

Gas composition (mol%) 

H 2 

213 

25.7 

28.1 

CO 

19.4 

24.5 

32.2 

C0 2 

33.9 

27.7 

22.4 

ch 4 

10.2 

9.1 

8.3 

c 2 h 2 

1.8 

1.5 

0.9 

c 2 h 4 

5.0 

4.8 

4.2 

c 2 h 6 

LHV (MJ/Nm3) 

15.77 

3.7 

15.48 

2.3 

14.77 

Carbon conversion efficiency, CCE {%) 

57.71 

67.60 

73.86 


1 Average gasifier temperature was defined as the average of the temperature at 
upper, middle and bottom reactor. 


Fig. 3. Temperature profiles ir 
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ever, the maximum lower heating value of fuel gas just reached 
11.11 MJ/Nm 3 . 

Now, the product gas from this pilot-scale gasifier has not only 
provided some part of the energy requirements of the gasification 
plant, but also been directly used as a substitute for civil fuel gas 
for cooking. An economic analysis of biomass power generation 
suggested that gasification with a syngas engine became more eco¬ 
nomically feasible for smaller-sized plants (Moon et al., 2011). 
Therefore, the fuel gas would be applied well to gas turbine/gas en¬ 
gine combustion for power generation. When integrated with gas 
turbine combustion, this high heating value gas can be used with¬ 
out any changes in the turbine configuration (Chen et al., 2003). 

Tar concentration in product gas primary depended on the 
operating temperature. The tar yield at the outlet of the gasifier 
sharply decreased from 367.2 g/Nm 3 at 987 K to 77.2 g/Nm 3 at 
1136 K, owing to the increasing tar cracking rate at higher temper¬ 
atures. However, the value was quite high compared with that of 
biomass gasification in other conventional gasifiers, such as free- 
fall reactor, two-staged gasification system and circulating fluid¬ 
ized bed gasifier (Wang et al., 2008; Wei et al., 2007; Meng et al., 
2011 ). Thus, further tar reduction using commercial or mineral cat¬ 
alyst was needed. 

3.3. Effect of catalyst 

Ni-based catalysts were found to be the most effective in tar re¬ 
moval during biomass gasification. Extensive studies showed that 
Ni-based catalyst achieved >90% tar removal efficiency in the 
lab-scale gasifier (Sutton et al., 2001; Ma et al, 2005). In this study, 
the nano-Ni0/' ( ’-Al 2 0 3 catalyst was loaded in a fixed catalytic bed 
for the tar elimination and enhancing the quality of product gas. 

Table 3 shows the products yield and gas composition at outlet 
of the catalytic bed with or without catalyst. An increase in gas 
yield from 0.80 Nm 3 /kg to 0.89 Nm 3 /kg was observed when the 
product gas passed through the catalytic bed with the 
Ni0/y-Al 2 0 3 . Meanwhile, the tar yield sharply decreased from 
77.2 g/Nm 3 to 3.7 g/Nm 3 , with 95.2% tar removal efficiency. The 
significant changes in yields were due to predominantly the 
secondary cracking of vapors over catalysts. In the presence of 
catalyst, H 2 and CO concentrations in product gas increased, while 
CH 4 , C 2 H 2 , C 2 H 4 and C 2 H 6 contents diminished. The heating value 
of the gases was strongly affected by the production of hydrocar¬ 
bons such as CH 4 , C 2 H 2 , C 2 H 4 and C 2 H 6 which had a high LHV 
compared to the other gases (CO and H 2 ). Thus, the change in gas 
composition resulted in the slight decrease in the LHV of the fuel 
gas. 

For a purpose of comparison, the dolomite was also loaded in the 
catalytic bed for catalytic steam gasification under the same condi- 


Table 3 

Effect of catalyst on gasification performance. 


Catalyst 

Non-catalyst 

NiO/y-Al 2 0 3 

Dolomite 

Gas yield (Nm 3 /kg) 

0.80 

0.89 

0.84 

Tar yield (g/Nm 3 ) 

77.2 

3.7 

47.8 

Char yield (kg/kg) 

Gas composition (mol%) 

0.18 

0.14 

0.14 

h 2 


32.3 

29.2 

CO 

32.2 

36.9 

40.1 

C0 2 

22.4 

22.2 

18.5 

ch 4 

8.3 

4.8 

5.3 

c 2 h 2 

0.9 

0.5 

0.6 

c 2 h 4 

4.2 

1.8 

2.3 

c 2 h 6 

2.3 

0.9 

1.7 

LHV (MJ/Nm 3 ) 

14.77 

11.9 

13.0 

Carbon conversion efficiency, 
CCE (%) 

73.8 

75.8 

72.8 


tions. The results revealed that gas yield and tar yield were 
0.84 Nm 3 /kg and 47.8 g/Nm 3 , respectively. The tar removal 
efficiency was found to be 38.1%, which was lower than that of the 
NiO/y-Al 2 0 3 catalyst. It could be concluded that the NiO/y-Al 2 0 3 
catalyst had better performance for valuable gas production and 
tar reduction in biomass gasification. 

3.4. Reuse of residue char 

In this test, the biomass gasification yielded approximately 15% 
of residue char. The char should be served as a friendly media for 
soil microbes. The potential use depended on its fundamental 
characteristics. The proximate analysis shows that the char con¬ 
tains 76.31% of fixed carbon, 8.25% of volatile matter and 15.44% 
of ash. Furthermore, the ultimate analysis presented the high car¬ 
bon content of 80.03%. The very high carbon content revealed the 
char with a highly aromatic organic fraction in which the amounts 
of sulfur, nitrogen and oxygen had become depleted with respect 
to the values of the raw biomass. Nitrogen and sulfur levels in 
the char were only 1.15% and 0.23%, respectively. The heating value 
of the char reached 28.52 MJ/kg. The heating value was much high¬ 
er than that of raw biomass, and it was comparable to the heating 
value of coal. Therefore, the char would be considered as high 
energy density fuels with low NO x and SO* emissions from 
combustion. Another potential use for biomass char was use as a 
renewable solid fuel. 

3.5. Energy evaluation 

Cold gas efficiency (CGE) is usually employed to express the 
gasification performance. It represents the ratio of the chemical 
energy of the product gas to that of the biomass feedstock energy 
content and only refers to the gasifier. The CGE of the pilot-scale 
gasifier is determined as: 



where, LHV gas (MJ/Nm 3 ) and LHV biomass (MJ/kg) are the lower heat¬ 
ing value of the product gas and biomass feedstock, respectively; Y 
is the product gas yield (Nm 3 /kg). 

Energy efficiency (t/) value is often evaluated for steady-state 
processes, and can be written here as follows: 



where, E gas is the rate of product gas energy output, MJ/h; £ inp ut is 
the rate of energy input, MJ/h. 

Under the optimum condition, the energy analysis of the pilot- 
scale gasification system was shown in Table 4. It can be seen that 
only 3.3% electricity is consumed for BMF production, feedstock 
crashing, feeding and pumping. The energy of BMF supplied to 
the system accounts for 26.8% of the total input energy. 

In practice, the chemical energy of biomass cannot be trans¬ 
formed completely into that of fuel gas due to unavoidable energy 
loss by those processes such as cooling of fuel gas, system heat loss 
and chemical energy loss in the residue char. In this system, the 
apparent heat loss of major products, the unconverted chemical 
energy (contained in residue char and tar) and system heat loss 
of were 11.1%, 18.1% and 26.7%, respectively, totally 55.9%. Cohce 
et al. (2011) reported that energy losses for the exhaust and other 
gasification unit operations are respectively 9% and 66% in the 
hydrogen production system of biomass gasification. Cao et al. 
(2006) investigated on two-region biomass air gasifier for produc¬ 
ing tar-free higher heating value fuel gas. The heat loss was be¬ 
tween 43.4% and 61.1% at different experimental conditions. 
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Table 4 

Energy evaluation of system. 


BMF 

Biomass feedstock 

Steam 

Air 

Electricity 
Total 
Output 
Fuel gas 
Tar 

Sensible heat of flue gas 
Sensible heat of fuel gas 
Sensible heat of tar, char and ash 
Other heat loss 


CGE (%) 

System energy efficiency (%) 


Energy flow rate 
MJ/h(%) 


387.4 26.8 

1009.8 69.9 

0.03 0 

0 0 

48 3.3 

1445.2 100 


636.7 44.1 

26.9 1.9 

233.9 16.2 

92.2 6.6 

50.1 3.6 

12.5 0.9 

392.9 26.7 

1445.2 100 
63.1 


In this system, cold gas efficiency and system energy efficiency 
were 63.1% and 44.1%, respectively. The cold gas efficiency was 
comparable with that for other gasification systems (Kumar 
et al., 2010; Umeki et al., 2010). The energy efficiency was high 
compared to the value obtained by Cohce et al. (2011), who 
showed that the overall system energy efficiency was at 22% and 
the gasifier unit (consist mainly of two combustors and one 
gasifier) cold gas efficiency would be 18%. 

In this system, the further improvement to increase CGE in¬ 
cluded: (1) increasing steam to react with residue char, (2) reduc¬ 
ing heat loss from heat transfer interaction between the gasifier 
and the combustor. 

4. Conclusions 

Allothermal gasification of biomass using micron size biomass 
as external heat source was developed. BMF could substitute for 
electricity/fossil energy to supply heat to gasfier. The peak temper¬ 
ature of gasifier reached 1216 K. The fuel gas yield reached 
0.89 Nm 3 /kg with the LHV of 12MJ/Nm 3 . The tar concentration 
in the product gas was significantly reduced by a catalytic bed with 
NiO catalyst. The energy evaluation showed that energy of BMF 
supplied to the system accounts for 26.8% of the total input energy. 
The cold gas efficiency and system energy efficiency were 63.1% 
and 44.1%, respectively. The further improvement to increase cold 
gas efficiency was proposed. 

Acknowledgements 

This research was supported by the National Natural Science 
Foundation of China (No. 20876066) and Hubei Province Scientific 
and Technological Project (No. 2007AA204B01). The authors are 
grateful to the Analytical and Testing Center of Huazhong 
University of Science and Technology for carrying out the ultimate 
analysis of the samples. 


References 

Campoy, M„ Gomez-Barea, A., Vidal, F.B., Ollero, P„ 2009. Air-steam gasification of 
biomass in a fluidised bed: process optimisation by enriched air. Fuel Process. 
Technol. 90, 677-685. 

Cao, Y„ Wang, Y„ Riley, J.T., Pan, W.P., 2006. A novel biomass air gasification process 
for producing tar-free higher heating value fuel gas. Fuel Process. Technol. 87, 
343-353. 

Chen, G„ Andries, J„ Luo, Z„ Spliethoff, H„ 2003. Biomass pyrolysis/gasification for 
product gas production: the overall investigation of parametric effects. Energy 
Convers. Manage. 44,1875-1884. 

Cohce, M.K., Dincer, I., Rosen, M.A., 2011. Energy and exergy analyses of a biomass- 
based hydrogen production system. Bioresour. Technol. 102, 8466-8474. 

He, M.Y., Xiao, B„ Hu, Z.Q,, Liu, S.M., Guo, X.J., Luo, S.Y., 2009a. Syngas production 
from catalytic gasification of waste polyethylene: influence of temperature on 
gas yield and composition. Int. J. Hydrogen Energy 34,1342-1348. 

He, M.Y., Xiao, B„ Liu, S.M., Guo, X.J., Luo, S.Y., Xu, Z.L., Feng, Y„ Hu, Z.Q., 2009b. 
Hydrogen-rich gas from catalytic steam gasification of municipal solid waste 
(MSW): influence of steam to MSW ratios and weight hourly space velocity on 
gas production and composition. Int. J. Hydrogen Energy 34, 2174-2183. 

Kirkels, A.F., Verbong, G.P.J., 2011. Biomass gasification: still promising? a 30-year 
global overview. Renewable Sustainable Energy Rev. 15, 471-481. 

Kumar, A., Demirel, Y„ Jones, D.D., Hanna, M.A., 2010. Optimization and economic 
evaluation of industrial gas production and combined heat and power 
generation from gasification of com stover and distillers grains. Biomass 
Bioenergy 101, 3696-3701. 

Lua, A.C., Guo, J., 1998. Preparation and characterization of chars from oil palm 
waste. Carbon 36,1663-1670. 

Luo, S.Y., Xiao, B„ Hu, Z.Q., Liu, S.M., He, M.Y., 2010. Experimental study on 
combustion of biomass micron fuel (BMF) in cyclone furnace. Energy Convers. 
Manage. 51, 2098-2102. 

Lv, P.M., Xiong, Z.H., Chang, J., Wu, C.Z., Chen, Y„ Zhu, J.X., 2004. An experimental 
study on biomass air-steam gasification in a fluidized bed. Bioresour. Technol. 
95, 95-101. 

Lv, P.M., Yuan, Z.H., Ma, L.L., Wu, C.Z., Chen, Y„ Zhu, J.X., 2007. Hydrogen-rich gas 
production from biomass air and oxygen/steam gasification in a downdraft 
gasifier. Renewable Energy 32, 2173-2185. 

Ma, L, Verelst, H„ Baron, G.V., 2005. Integrated high temperature gas cleaning: tar 
removal in biomass gasification with a catalytic filter. Catal. Today 105, 729- 
734. 

Meng, X.M., Jong, W.D., Fu, N.J., Verkooijen, AH.M., 2011. Biomass gasification in a 
lOOkWth steam-oxygen blown circulating fluidized bed gasifier: effects of 
operational conditions on product gas distribution and tar formation. Biomass 
Bioenergy 35, 2910-2924. 

Moghtaderi, B„ 2007. Effects of controlling parameters on production of hydrogen 
by catalytic steam gasification of biomass at low temperatures. Fuel 86, 2422- 
2430. 

Moon, J.Hong., Lee, J.Woo., Lee, U.D., 2011. Economic analysis of biomass power 
generation schemes under renewable energy initiative with renewable 
portfolio standards (RPS) in Korea. Bioresour. Technol. 102, 9550-9557. 

Park, Y.H., Kim, J.S., Kim, S.S., Park, Y.K., 2009. Pyrolysis characteristics and kinetics 
of oak trees using thermogravimetric analyzer and micro-tubing reactor. 
Bioresour. Technol. 100, 400-405. 

Sutton, D„ Kelleher, B„ Doyle, A, Ross, J.R.H., 2001. Investigation of nickel supported 
catalysts for the upgrading of brown peat derived gasification products. 
Bioresour. Technol. 80,111-116. 

Umeki, K„ Yamamoto, K„ Namioka, T„ Yoshikawa, K„ 2010. High temperature 
steam-only gasification of woody biomass. Appl. Energy 87, 791-798. 

Van der Stelt, M.J.C., Gerhauser, H„ Kiel, J.H.A, Ptasinski, K.J., 2011. Biomass 
upgrading by torrefaction for the production of biofuels: a review. Biomass 
Bioenergy 35,3748-3762. 

Wang, Y„ Namioka, T„ Yoshikawa, K„ 2008. Research on gasification and power 
generation from waste paint dregs. J. Environ. Eng. 3,182-191. 

Wei, L.G., Xu, S.P., Zhang, L„ Liu, C.H., Zhu, H„ Liu, S.Q., 2007. Steam gasification of 
biomass for hydrogen-rich gas in a free-fall reactor. Int. J. Hydrogen Energy 32, 
24-31. 

Zhou, J.S., Chen, Q,, Zhao, H„ Cao, X.W., Mei, Q.F., Luo, Z.Y., Cen, K.F., 2009a. Biomass 
oxygen gasification in a high temperature entrained flow gasifier. Biotechnol. 
Adv. 27, 606-611. 

Zhou, Z.Q., Ma, L.L., Yin, X.L., Wu, C.Z., Huang, L.C., Wang, C„ 2009b. Study on 
biomass circulation and gasification performance in a clapboard-type internal 
circulating fluidized bed gasifier. Biotechnol. Adv. 27, 612-615. 






